Abstract: Molecular solar-thermal energy storages ystems are based on molecular switches that reversibly convert solar energy into chemical energy.Herein, we report the synthesis, characterization, andc omputational evaluationo f as eries of low molecular weight ( 193-260gmol À1 )n orbornadiene-quadricyclane systems.T he molecules feature cyano acceptor and ethynyl-substituted aromatic donor groups, leadingt oag ood match with solar irradiation, quantitative photo-thermalc onversionb etween the norbornadiene and quadricyclane, as well as high energy storage densities (396-629 kJ kg
Introduction
Reversible photoinduced isomerization of organic or organometallicc ompounds into metastable isomersh as been recognized as am eans of storing solar energy, [1] as trategyf requently referredt oa sm olecular solar-thermal (MOST) energys torage. [2] An umber of different systems have been proposed, including anthracene, [3] stilbene, [4] azobenzene, [5] dihydroazulene, [6] and tetracarbonyl-fulvalene-diruthenium [7] derivatives. The system that has received most attention, as al arge amount of energy can be storedi nasmall ring, is probably norbornadiene (1), whichu ndergoes an endothermic photoinduced [2+ +2] cycloaddition to its valence isomer quadricyclane (2) .
[8] The reactioni sr eversible, and by thermalo rc atalytic inductiont he reverse reactionr egenerates norbornadiene with releaseofh eat (Scheme 1).
To design ap ractically useful MOST system,s everal requirements have to be fulfilled:1 )solar spectrum match for the absorptiono ft he parent compound (in this case norbornadiene), 2) high photoisomerization quantum yield, 3) no spectralo verlap between the parentc ompound and the photoisomer (the photoisomer should not compete for photons) and, 4) ah ighly endergonic reaction profile with ah igh activation energy for the reverser eaction.
[1c] Another importantf actor affecting the performance is the molecular weight, which together with the storagee nergy gives the storage density.M oreover,f or practical flow devicea pplications, al iquid is required, which means that the solubilities of both the parent compound and the photoisomer become crucial. [9] The absorption onset of unsubstituted norbornadiene 1 is 267 nm, but since the intensity of solar radiation below around 300 nm is very low at sea level,n orbornadiene is essentially inert to sunlight. To prepareq uadricyclane, high-power ultraviolet lamps are employed, typically in the presence of aphotosensitizer.A pproaches to red-shift the absorption of 1 have previously been studied, and one methodi st oi ntroduce electron-donating and electron-accepting substituents to create ap ush-pull conjugated system.
[8d] However,t he introduction of large substituents is at the expense of ah igh molecular weight, which in turn lowerst he energys torage density.C omputational work has shown that the molar storagee nergy is largely independento fs ubstitution pattern, implying that the molecular weighti st he most important optimization parameter in this regard. [10] In previouss tudies by our group,aseries of electron-donating and electron-accepting diaryl-substituted norbornadienesw ith an improved solars pectrum match compared to 1 was synthesized (Table 1) . [11] The most red-shifted compound (3e)h as an absorption maximum at 365 nm and an absorption onset of 462 nm. However,t his significant redshift comes at the expense of ar ather high molecular weight, 355 gmol À1 for 3e,compared to 92 gmol À1 for 1 (Table 1) .
Although compound 3e allowed the evaluation of as olarcollecting device, there is plenty of room for improvement in terms of molecular weight, half-life of the photoisomer,s olubility,a sw ell as solar spectrum match. As mentioned above, ar ecent computational study suggestedt hat the molecular weighti sakeyo ptimizationp arameter when aiming for high energy density in these systems. [10] Inspired by this hypothesis, our approachh ere was to find ar obust low molecular weight electron-accepting substituent to replace the p-substituted phenylg roups in compounds 3a-e.H erein, we report as eries of new cyano-substituted norbornadiene derivatives with improvedp hotochemical properties yet significantly reduced molecular weight.
Results and Discussion
Since the cyano group is one of the smallest electron-accepting groups, with am olecular weighto fo nly 27 gmol À1 compared to 103 gmol À1 for the p-C 6 H 4 CN group, our first choice for modification of the previously reported norbornadiene system (Table 1 , 3a-e)w as to attach ac yano group directly at av inyl carbon atom (C2) thereof.2 ,3-Dicyanonorbornadienes with aliphatic substituents in different positions have been reported to have high solubility in organic solvents. [12] 2,3-Dicyanonorbornadiene has been investigated as an MOST candidate, both in the free state [13] and as al igand in ruthenium complexes, [14] but to the besto fo ur knowledge,2 -cyanonorbornadienes bearinge lectron-donating aryl substituentsa tt he 3-position have not hitherto been described. Therefore, an ew synthetic route had to be developed. Conformational analysis of 3a-e revealed that steric hindrancef orces the aromatic substituents out of plane, reducing the overlap between the p-systems of these substituents and the norbornadiene carbon-carbon double bond. [15] We hypothesized that reduced steric hindrance would allow for greater orbital overlap and hence am ore red-shifted absorption spectrum. Based on this analysis, an ethynyl linker was introduced between the aromatic donor group and the norbornadiene C3 atom. This has the additional effect of extending the conjugated system and thus further red-shifting the absorption. Only af ew examples of ethynyl-substituted norbornadieneshave been reported, which have included conjugated polymers, [16] photochromic bridges to link dinuclear ruthenium complexes, [17] and starting materials for the synthesis of ethynyl cyclopentadienederivatives by retro-Diels-Alder reactions. [18] To the besto fo ur knowledge, no applicationo ft hese compounds for MOST energy storage has been proposed.T hus, this new series of norbornadiene derivatives is characterized by ac yano group in the 2-position and av ariety of aromatic donor groups attachedv ia a ÀCCÀ linker to the C3 carbon atom. The selected target compounds 4a-d are depicted in Figure 1 . In addition, compound 5 was prepared to allow direct comparison between the systemsw ith and without ethynyl substitution. Table 1 . Diaryl-substitutedn orbornadienes( 3a-e)p reviously designed in our group, the absorption maxima, absorptiono nsets, half-lives of the corresponding quadricyclanes, and molecularw eights. [11] Entry R [a] Absorption onset defined as log e = 2. 
Synthesis
Norbornadienes 4a-d could be synthesized throughaSonogashira [19] cross-couplingr eaction between 2-cyano-3-chloronorbornadiene (6)a nd the corresponding donor-substituted acetylene (Scheme 2a), whereas 5 could be obtained by aS uzuki [20] cross-coupling reactionb etween 6 andp henylboronic acid (Scheme 2b).
Consequently,a ne fficient synthesis of 6 was essential. Only one synthetic procedure for 6 has been described in the literature.
[21] In this procedure, af our-step synthetic route affords 1,1-dichloro-2,2-dicyanoethylene (12), [21a,b] which is allowed to react with cyclopentadiene through aD iels-Alder reaction to provide the norbornene derivative 14.F inally,t reating 14 with potassium hydroxide gives 6.
[21c] The overall procedure is thus as ix-stepr oute resulting in am oderate overall yield (22 %) of 6,a nd includes steps that appeared lessa ttractive to us, such as bubbling highly toxic chlorine gas through as olutiono f10 for 8h.I th as recently been reported that 2,3-dibromonorbornadiene reacts with copper(I) cyanide to give 2-bromo-3-cyanonorbornadiene in 35 %yield, [22] and since we have previously reported [23] ao ne-pot route to 2-bromo-3-chloro-norbornadiene, 15,i ta ppeared logical to use 15 as ap recursor for 6. Indeed, 15 was found to react with copper(I) cyanide in Nmethylpyrrolidone to give the desired product 6 (Scheme 3). In order to suppress the formation of 1,3-dicyanonorbornadiene, an excesso f15 wasu sed, which could be easily recovered and recycled. The reaction mixture provedt ob ee asy to separate. It was applied to as ilica pad and consecutively eluted,f irst with pentane to recover unreacted 15,w hichc ould be reused withoutf urther purification, and then with dichloromethane to afford 6.The yield, based on consumed 15,was 88 %.
With 6 in hand, the next step towards 4a-d and 5 was to perform Sonogashira [19] or Suzuki [20] cross-couplings (Scheme 2). The Sonogashira reactiont oo btain symmetrical norbornadiene-2,3-diynes from 2,3-dichloronorbornadienes was first explored in 1997 by Durr et al. [24] as an alternative to previousm ethods in which 2,3-diiodonium norbornadiene salts were treated with lithiuma lkynyl-cuprates. [25] An alternative route,inwhich triflate groups are utilized as coupling partner insteado fahalogen,h as also been explored. [26] Syntheses of symmetrical and unsymmetrical norbornadiene-2,3-diynes through palladium-catalyzed Sonagashira reactions using dichlorobis(triphenylphosphine)palladium(II),c opper(I)i odide, and trimethylamine have been reported by Tranmere ta l. [27] For the double-Sonogashira coupling reaction leading to symmetricaln orbornadiene-2,3-diynes, the reactions were reported to be more selective using toluene as solvent compared to THF,w hereas for the monocoupled products the opposite effect was observed and THF provided purer products. Moreover,h igher yields were obtained by rigorously excluding dioxygen and water.T herefore, dry degassed THF becameo ur solvento fc hoice. The Sonogashira reactions proceeded smoothly in THF for all of the ethynyl derivativesu sing dichlorobis(triphenylphosphine)palladium(II), copper(I) iodide, and trimethylamine or diisopropylamine as the base. At room temperature, the reactions were completed within 2-4 ha nd the products weree asily purifiedb yf lash column chromatography to obtain 4a-d in satisfactory yields (56-77 %). The Suzuki coupling between 6 and phenylboronic acid was performedi n THF at reflux temperature with cesium fluoride, tri-tert-butylphosphine, and tris(dibenzylideneacetone)dipalladium(0).I n order to obtain as atisfactory yield, plenty of the catalyst was added (26 mol %) and after purification 5 was obtained in 57 % yield.
Photoisomerization
The UV/Vis absorption spectra of 4a-d and 5 in toluenea re showni nF igure 2a,a nd the absorption onsets, absorption maxima, and molar extinction coefficients are listed in Table 2 . The absorption maximumf or 5 is 309 nm and the onset is 358 nm, whereas the maximaf or 4a-d are all in the range 331-398nmw ith onsets in the range 374-456 nm. The most red-shifted absorption was observed for 4d,w ith am aximum at 398 nm and an onset at 456 nm. Thus, among the synthesized compounds, 4d is the norbornadiene that best meets the requirements of solar spectrum match. For comparison, 2,3-dicyanonorbornadiene has an onset of around 360 nm and am aximum close to 300 nm. [13] By comparing the absorption spectra of 4a and 5,i tb ecomesc lear that the ethynyl unit not only exerts as ignificant effect on the absorption onset,b ut also doubles the extinction coefficient.T he top candidate in our previouss tudies regarding solars pectrum match (3e,F igure 1) showeda na bsorption maximum of 365 nm and an onset of 462 nm. Thus, compared Scheme2.a) Sonogashira cross-couplings to obtain 4a-d.F or 4a: to 3e,compound 4d has asharper absorption peak with asignificant red-shift of the absorption maximum (398 nm; + 33 nm). The differencei no nset of absorbance is smaller (456 nm; À6nm), which reflects the comparable spectrally wider absorption band of 3e compared to that of 4d.T his could be ac onsequence of the steric hindranceb etweent he phenylg roups as well as thermally activated rotation of the side groups in 3e,w hich results in ad istribution of phenyl rotation angles, and thus electron communication between the donor and acceptor groups leading to spectralb roadening. The overall solar spectrumm atch is roughlyt he same for the two compounds;h owever,t he molare xtinction coefficient is about three times higher for 4d than for 3e,w hich should be taken into account in future device implementation.
To study the photoisomerizationo f4a-d and 5 to the corresponding quadricyclanes (16 a-d and 17,S cheme 4), the norbornadienes werei rradiated with am etal-halide lamp. The formationo ft he quadricyclanes was monitored by both NMR and UV/Viss pectroscopies. In the UV/Vis absorption spectra (Figure 3 ), no spectral overlapb etween the norbornadienes and the quadricyclanes was observed in the visible region, allowingf or quantitative conversion between the two isomers and thus meeting one of the importantrequirements for an efficient MOST system. Furthermore, isosbestic points were detected in the UV/Vis spectrao f4a-d,i ndicating that only two species were present in the solution (Figure 3 ). For 5,w ith the least red-shifted spectrum, the expected isosbestic point could not be observedi n toluened ue to overlapw ith the absorption onset of the solvent. However,N MR observation indicatedt hat photoisomerization and back-conversion proceeded with little or no degradation for 5 as well. To demonstrate that the compounds could be fully converted by unfiltered solar light, as olution of 4d in aq uartz cuvette was exposed to 1.5 AM standard solar spectrum in as olar simulator.A fter about 10 s, it was possible to observe full conversion of 4d to 16 d.T his experiment showedh ow 4d has the potential to be employed as an MOST system in testing devices with sunlight-induced conversion (see FigureSI6 in the Supporting Information).
Photoisomerization quantum yields were determined in toluene using potassium ferrioxalate as ac hemical actinometer. [28] The measurements were carried out using a3 65 nm or 310 nm light-emitting diode and the quantum yields are reported as Table 2 . Absorption onsets, absorptionm axima, molar extinction coefficients, andq uantum yields of conversion to the corresponding quadricyclanes for 4a-d and 5,determined in toluene.
[a]
[nm] an average of two or three determinations ( Table 2 ). The highest quantum yields were observed for 5 and 4c at 59 %a nd 47 %, respectively, whereas those for 4a and 4b werel ower at 39 %a nd 38 %, respectively.T he top candidate with regard to solar spectrum match (4d)h as aq uantum yield of around 28 %.
Back conversion
To evaluate the thermal stabilities of the photoisomers (16 a-d and 17), ak inetic study was performed to determine the enthalpiesa nd entropies of activation for the thermally induced reversereactions. The experiment was carriedout by determining the rate constants, k,a ts ix different temperatures (Supporting Information, Figure S3 ). The norbornadienes were converted to the quadricyclanesb yi rradiation, and the back-conversion was studied by measuringt he increasei na bsorbance by UV/Vis spectrophotometry.F rom the rate constants at these differentt emperatures, the enthalpies and entropies of activation were estimated using the Eyring equation (Table 3) . The experiments showed 17,w ithout an ethynyl unit, to be much more stable than 16 a-d,w ith ah alf-life of around 55 days at room temperature. Amongt he norbornadienesw ith the ethynyl linker, 16 a and 16 b have the longest half-liveso f approximately 22 and 16 h, respectively,w hereas 16 c and 16 d are less stable, with half-lives of approximately 7a nd 5h,a t room temperature. Thus, back-conversionso f16 c to 4c and of 16 d to 4d proceed much more rapidly than those of 16 a and 16 b.N evertheless, 16 d has a2 .6 times longer half-life than the previously studied photoisomer of 3e,w hich has as torage half-life of 1.9 h.
Energys torage
All compounds were photoisomerized to the corresponding quadricyclanes, and the enthalpies of the back-conversion to the norbornadienes were determined by differential scanning calorimetry (DSC). In addition, NMR spectroscopy and thermal gravimetric analyses were performed to verify that photoisomerization and heat release occurred with little or no degradation.
All of the compounds show exothermic peaks upon isomerization to the norbornadienes. Isomerizations of 16 d to 4d and of 17 to 5 each show one exothermic peak (Figure 4) , and the measured values of the heat release are 103 and1 22 kJ mol À1 , respectively,c orresponding to energy storagedensities of 396-629 kJ kg À1 (Table 4 ). However,f or compounds 16 a, 16 b,a nd 16 c,t wo exothermic peaks were observed for the thermal back-conversion ( Supporting Information, FigureS4) , which we speculate may be due to complex phase behavior in the mixture of norbornadiene andq uadricyclane. Since distinguishing the heat release peak from other eventual phase transitions was troublesome for these compounds, it was not possible to precisely determine the values, and hence they are not reported here.
Insightfrom electronic structure calculations
To elucidate the features of the measured absorption spectrum and to rationalize the experimentalf indings, we performed regulara sw ell as time-dependent density functional theory (TD-DFT) calculations at the B3LYP/6-311 + G* level [29] on each [10] we have previously established that the B3LYP functional yields absorption spectra and geometries in good agreement with both experiment and higher-level calculations.
The calculated absorption spectra are generally in good agreement with experiment (Figure 2b) . The mostn otable differencew ith respect to experimental spectrai st he absence of as houlder on the high-energys ide of the first excitation peak for compounds 4a-d.W es uggest that this feature can be attributed to the presence of the ethynyl bridge in these compounds.T he ground-stateg eometry maximizes the conjugation of the p-system that extendsf rom the double bond in the norbornadiene part of the molecule via the ethynyl bridge to the functionalized phenyl group.R otations about the triple bond in the bridge are very soft and therefore readily sampled under ambient conditions. At the same time, these rotations reduce the conjugation, causing ab lue-shift of the first excitation maximum,w hich is dominated by the HOMO-LUMO transition andi st herefore most sensitivet oc hanges in the psystem.I ft hese effects are superimposed, they give rise to ap ronounced shoulder on the high-energys ide of the first absorptionm aximum.T his interpretationi ss upported by the observation that the shoulder feature is specific to the compoundst hat contain an ethynyl bridge (4a-d)a nd absent in compounds that have aryl substituents attached via single bonds( compound 5 in the presentw ork as well as the compounds in our previousr eport [11] ). Most crucially,t he calculations correctly capture all of the relevant trends, namely the increasing red-shift on going from 4a to 4d and the large differencei nt he magnitude of the extinctionc oefficient between equivalent compounds with (4a) and without(5)a ne thynyl bridge.
The shift of the absorption spectrumw ith the strength of the donor species is in line with our earlier calculations. [10, 15] More interesting in the presentc ontext is the stronge nhancement of the dipole oscillator strength ( Table 5 ) that results from insertion of an ethynyl bridge on going from 4a to 5, and gives rise to al arge increasei nt he extinction coefficient. The lowest excitation in both cases is dominated by HOMO-LUMO transitions.T he dipole oscillator strengthd epends on the transitiond ipole moment, hLUMOjrjHOMOi,w hich illustrates that the transition strength is sensitivet ot he spatial overlap between the orbitals involved, in particularn ear the nodes. It is therefore instructive to comparet he relative alignment of the HOMO and LUMO states in 4a and 5 ( Figure 5 ). This reveals an ear-perfecta lignment of the orbitals across the triple bond in 4a,w ith the node in the LUMO being located precisely at the midpoint between the two Ca toms. In contrast, in the case of 5,t he bond angle across the C=Cd ouble bond to the phenyl ring distorts both the LUMO and HOMO, and shifts the LUMO node away from the maximum of the HOMO state at the center of the CÀCb ond. The ethynyl group in 4a thus minimizes the distortion of the conjugated psystem between the parent compound and the donor group, which enhances both the red-shift and the dipole strength.
After geometry relaxation, vibrational contributionst os torage enthalpies werec alculatedf or each rotamera nd the resulting DH values are reported in Ta ble 5.
For systemsw ith multiple rotamers, the enthalpies of the norbornadiene andq uadricyclane systemsw ere Boltzmannweighted before calculating the final storagee nthalpy.F or the molecules 4d and 5,f or which energy differences between the quadricyclane and norbornadiene form are available, the calculated energies show good agreement with experimental observation.
Conclusions
As eries of substituted donor-acceptor norbornadienes with cyano acceptors and ethynyl-aryld onor units has been synthesized and evaluated in the context of molecular solar-thermal energy storage. Ak ey step in the synthesis is ap rocedure for .N evertheless, the absorption onset of 4d is still 200 nm away from the "optimal" onset of absorption of 656 nm, which could be ap arameter for future optimization. [9] The storage density recorded upon heat-releasing conversion of quadricyclane to norbornadiene showed energy densities of up to 629 kJ kg
À1
,e xceeding the energy densities typicallyf ound in phase-change materials. [30] The half-lives of the photoisomers 16 a-d are in the range 5-22 h, whichm eanst hat for future applicationsw hereby long-term storagea sw ell as an optimal solars pectrum match are needed, the molecular system still needs some optimizationand compoundsa kin to 17 may be more suitable.
The compounds 4a-d developed in the presents tudy show significantly higher extinction coefficients than the systems 3a-e that we investigated previously. [11] Through first principles calculations, we have shown that the ethynylg roup is responsible for this enhancement as it reduces the distortion of HOMO and LUMO states across the bond between the parent compound and the donor group. This interpretationh as been confirmed by the experimental realization of compound 5,t he ethynyl-free analogue of 4a.T he maximum extinction coefficient of 5 is indeed both blue-shifted and halved comparedt o that for 4.T his finding suggestst hat the insertion of triple bonds could be employedf or similar purposes in other chromophore systems.
Experimental Section General
All commercial chemicals were used as received. 2-Bromo-3-chloronorbornadiene was prepared according to published procedures. Te trahydrofuran (THF) was dried using an MBraun MB SPS-800 solvent purification system. All glassware was dried overnight at 150 8C. Column chromatography was performed on aB iotage Isolera One instrument using pre-packed silica columns (25 go r5 0g Biotage SNAP Cartridge). All spectrophotometric analyses were performed using aC ary 50 Bio or aC ary 100 UV/Vis spectrophotometer.Quantum yields were determined using potassium ferrioxalate as ac hemical actinometer and af iber-coupled LED (M365 F1 (365 nm) or M310 L3 (310 nm)) for irradiation.
1 Hand 13 CNMR spectra were obtained at 400 and 100 MHz, respectively,o naVarian 400/54 spectrometer. 13 CNMR spectra of the quadricyclanes 16 a-d were obtained on aV arian 500 MHz spectrometer.C hemical shifts are reported in ppm with residual protonated solvent as an internal standard (CHCl 3 d H = 7.26 ppm, CHCl 3 d C = 77.16 ppm). Elemental analyses were performed at the Mikroanalytisches Laboratorium Kolbe, Mülheim, Germany.I Ra nalyses were carried out on aP erkinElmer Frontier FTIR spectrometer.D ifferential scanning calorimetry (DSC) experiments were performed on aM ettler To ledo DSC 2a pparatus.
Synthesis
2-Cyano-3-chloronorbornadiene (6):2 -Bromo-3-chloronorbornadiene (15;1 0.2 g, 0.0500 mol) was dissolved in N-methylpyrrolidone (20 mL) and the solution was degassed. Copper(I) cyanide (3.58 g, 0.0400 mol) was added, and the mixture was stirred at 100 8Cu nder nitrogen for 7h.T he reaction mixture was cooled and mixed with 1 m aqueous sodium cyanide solution (100 mL) and diethyl ether (100 mL). Vigorous shaking may result in an emulsion. The phases were separated, the aqueous phase was extracted with diethyl ether (5 50 mL), and the volume of the combined organic phases was reduced to about 30 mL in vacuo. The solution was washed with water (3 10 mL) and brine (10 mL), and then concentrated. The product was diluted with pentane to about twice the volume and applied to silica gel moistened with pentane (ca. 25 mm silica layer in aØ65 mm sintered glass funnel). The product was eluted from the silica with pentane (150 mL) followed by dichloromethane (200 mL). The pentane fraction was concentrated to give 15 (2.7 g) as ac olorless liquid. The dichloromethane fraction was dried over Na 2 SO 4 and concentrated to give 6 as as lightly yellow liquid (4.92 g; 88 %y ield based on consumed 15). Analytical data were consistent with previous reports. Sonogashira cross-coupling (general procedure):2 -Cyano-3-chloronorbornadiene (1 equiv.), copper(I) iodide (10 mol %), and dichlorobis(triphenylphosphine)palladium(II) (5 mol %) were taken up in THF (5 mL mmol À1 )i nad ry flask under nitrogen atmosphere. Dry triethylamine or diisopropylamine (0.33 mL mmol À1 )w as added dropwise over 15 min to the reaction mixture. As olution of the acetylene derivative (1.1 equiv.) in THF (1 mL) was slowly added, and the resulting mixture was stirred at room temperature for 2-4h.I tw as then diluted with dichloromethane (30 mL) and filtered through as hort silica plug. The solvents were evaporated, the residue was dissolved in diethyl ether (30 mL), and the solution was washed with water (10 3mL) and brine (10 mL). The crude product was purified by automated column chromatography.
2-Cyano-3-(phenylethynyl)norbornadiene (4 a):2 -Cyano-3-chloronorbornadiene (400 mg, 2.6 mmol, 1equiv.), copper(I) iodide (50 mg, 0.26 mmol, 10 mol %), bis(triphenylphosphine)palladium(II) dichloride (92 mg, 0.13 mmol, 5mol %), diisopropylamine (0.82 mL), and phenylacetylene (290 mg, 2.8 mmol, 1.1 equiv.) were reacted according to the general procedure. The crude product was purified by automated column chromatography (CH 2 Cl 2 /heptane, 3:7) to provide 2-cyano-3-(phenylethynyl)norbornadiene 4a (405 mg, 1.9 mmol, 73 %) as an off-white solid. 1 HNMR (CDCl 3 ): d = 7.54-7.48 (m, 2H), 7.42-7.32 (m, 3H), 6.87 (qdd, J = 5.1, 2.9, 0.9 Hz, 2H), 3.90 (ddt, J = 2.3, 1.7, 1.0 Hz, 1H), 3.85 (dtd, J = 2.9, 1.5, 0.7 Hz, 1H), 2.33 (dt, J = 7.0, 1.5 Hz, 1H), 2.23 ppm (dt, J = 7.0, 1.6 Hz, 1H); 13 
Calculations
Regular and time-dependent density functional theory (TD-DFT) calculations were carried out at the B3LYP/6-311 + G* level [29] for all compounds. Based on as ystematic comparison of different exchange-correlation functionals with MP2 as well as complete active space calculations, [10] we have previously established that the B3LYP functional yields absorption spectra and geometries in good agreement with both experiment and higher-level calculations (Figure 2 ). For compound 4b,w ec onsider the two isomers (rotamers) that result from 1808 rotations of the aryl group with respect to the bridging oxygen atom. The spectra were subsequently obtained by averaging over the isomers weighted by their respective Boltzmann factors. [15] All calculations were carried out using the NWChem 6.5 software package. [31] The molar attenuation coefficient (ew ðÞ )was obtained from the calculated oscillator strengths (f k )a nd energies (w k )o fv ertical excitations at minimum geometry according to: 
